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ABSTRACT

A computer program that utilizes the method of integral
relations has been developed at the Naval Ship Research and
Development Center for use in determining the inviscid transonic
flows past lifting airfoils. It allows for a change of entropy
across the shock wave and accounts for the presence of an oblique
or normal shock at the shock foot. Since many iterations of the
trial and error type are required to obtain the converged flow
solution, the program has been adapted for use on the interactive
graphic systems of the CDC 6700 computer. This minimizes the
man-machine interaction time involved with such iterations. It
has been applied to several airfoil cases with supercritical flow
on the upper surface and subcritical flow on the lower surface and
takes about 5 to 10 min of computer time per case. The theoretical
basis for this program has previously been reported. This report
documents the computer program which is written in the language of

'FORTRAN Extended Version 3.0.

ADMINISTRATIVE INFORMATION

This work was sponsored by the Naval Air Systems Command (NAVAIR-320)
and funded under NAVAIR Task R230.201, Work Unit 1-1670-277.

INTRODUCTION

Application of the method of integral relations to solve transonic
flow problems has already been developed and the method used in several

flow solutions.l’2 The present report documents the subroutines used in

1. Tai, T. C., "Application of the Method of Integral Relations to
Transonic Airfoil Problems: Part I — Inviscid Supercritical Flow over
Symmetrical Airfoil at Zero Angle of Attack,'" NSRDC Report 3424 (Sep 1970);
also presented as Paper 71-98, AIAA 9th Aerospace Sciences Meeting,

New York, N.Y. (Jan 1971).

2. Tai, T. C., "Application of the Method of Integral Relations to
Transonic Airfoil Problems: Part II — Inviscid Supercritical Flow About
Lifting Airfoils with Embedded Shock Wave," NSRDC Report 3424 (Jul 1972);
also presented as Paper 73-658, AIAA 6th Fluid and Plasma Dynamics
Conference, Palm Springs, California (Jul 1973).




computing transonic flows and illustrates their use with two examples:
transonic flow past an NACA 0015 airfoil at o = 4.0 deg and transonic

flow past an advanced airfoil at o = 1.5 deg.

The solution procedure consists of ten well-defined steps in accordance
with necessary iteration processes. The completion of each step must
satisfy certain flow conditions before the next step is undertaken.
Actually, there are only three major iteration processes which form the
bulk of the flow integration, and each process can be computed rapidly
and efficiently. The main drawback to this method is that each step
must be computed separately and that the output of one step is needed
before the next step can proceed. This can be a time-consuming process

if done by conventional means.

The use of interactive graphics greatly reduces man-machine interaction
time. The input parameters and program execution can be modified by uéing
a system of light registers and light buttons displayed on the CDC 274
graphics console screen. 1In order to simplify the solution process, only
subcritical flow on the lower surface and supercritical flow on the upper

surface will be allowed.

The primary inputs to the program are the airfoil coordinates (a
maximum of 40 data points) and 32 extraneous and physical flow parameters.
During execution of the interactive graphics program, 18 of these flow
parameters may be changed, but ordinarily only one or two are used to
iterate on a particular flow solution to satisfy a particular flow
condition. The remainder of the flow solution parameters may be properly

determined subject to the necessary constraints.

The importance of a well-defined airfoil shape cannot be stressed
too strongly. This highly sensitive technique requires great accuracy in
first and second derivative information from the airfoil surface. The
spline function is one highly recommended method for representing airfoil
surfaces. It can attain very accurate first and second derivatives from
the airfoil surface if certain constraints are chosen judiciously. The

method is explained in detail in Appendix A.



However, one fact should be borne in mind before attempting to use

this program to solve transonic flows; it is not a '"black box" computer
program which generates output for a given set of input data. It requires
special attention during execution to ensure that certain flow requirements
are met. If the calculated flow is unsatisfactory, one of the input
parameters should be changed to yield a satisfactory result. Luckily, it
can be seen from inspection whether the value of a parameter is too large

or too small, and input changes can be made accordingly.

DESCRIPTION OF COMPUTER PROGRAM

Application of the method of integral relations for transonic flow

problems involves three major flow solutions:

1. Upstream solution
2. Airfoil solution

3. Downstream solution

These solutions must be computed sequentially, that is, the upstream
solution must be computed before proceeding to the airfoil solution, and
the airfoil solution must be computed before proceeding to the downstream
solution. These steps are shown in Figure 1. The order of operations
within the airfoil solution is immaterial; either the upper surface flow

or the lower surface flow can be computed first.

The input to the program is only an approximation to the correct

input which would yield a satisfactory solution. During the course of

the solution, the input is modified to satisfy certain flow conditions.

For instance, in the case of supercritical flow in the airfoil solution,

the initial condition parameter CYD is changed until calculations show

that the velocity gradient is continuous through the sonic point. Other
inputs are modified in reply to the questions shown in Figure 1. When

all the flow conditions are met satisfactorily and the solution is complete,
the calculated pressure distribution is the serendipitous result of the

solution process.



ORDER OF OPERATIONS

The flow chart of Figure 2 gives a more detailed analysis of the

order of operations of the more important subroutines. A list of these

subroutines and their function is given below.

UPSTRM
STAGNA

UPRCRIT

LWRCRIT

UPRINIT

LWRINIT

SUBCRT1

SUBCRT2

SPRCRT1

SPRCRT?2

DWNSTRM
AKUTTA

il

i

performs upstream flow integration

calculates stagnation streamline geometry and cross
velocity gradient for given stagnation point XS
calculates Mach number conditions along initial portion
of upper surface

calculates Mach number conditions along initial portion
of lower surface

calculates initial conditions on upper surface for a
selected initial point and CYD

calculates initial conditions on lower surface for a
given initial point and CYD

performs subcritical flow integration on initial portion
of either upper or lower surface

performs subcritical flow integration on either upper or
lower surface

performs supercritical flow integration on initial portion
of upper surface

performs supercritical flow integration on upper surface
performs downstream flow integration

provides outputs of calculated upper and lower surface

pressure distributions

Subroutines UPSTRM and STAGNA correspond to the upstream solution,

and subroutines DWNSTRM and AKUTTA correspond to the downstream solution

of Figure 1.

The rest of the subroutines correspond to the airfoil

solution. The details of the subroutines are given in Appendix B, and

a flow chart of each subroutine is given in Appendix C.

Eight of the more important decision points are numbered in Figure 2.

The dotted lines indicate the parameter changes needed for satisfactory

results. Each decision point requires some attention, either a



modification of the input parameters or a decision on which course to

follow in the computation.

An overview of the solution process which consists of various steps
is given in Figure 3. Since the flow solution on the upper surface is
much more interesting than that on the lower surface, only upper surface

flow is discussed here in detail.

The numbered stars around the airfoil correspond to certain subroutines
in Figure 2:

UPSTRM

STAGNA
UPRINIT-SPRCRT1
SPRCRT2
DWNSTRM

AKUTTA

The output for a particular subroutine is on either side of the

[« 3NV, I S RN CLRN R

corresponding number in the figure. The trial solution to the left

could be improved on; the arrow indicating the parameter changes needed
to ihprove the solution, and the corrected or acceptable solution to the
right represents a completed step. Once this is completed, the program

begins executing the next step.

The output from the first step shows a plot of Y versus Mach number.
This velocity profile is taken from the final integration station of
subroutine UPSTRM. The number of strips used to integrate the flow
solution in the trial solution proved inadequate, and more strips were

added to yield the corrected solution.

The second step is concerned with the selection of a stagnation
point. The stagnation point for the trial solution was chosen at the
nose of the airfoil; this yielded unrealistic stagnation streamline
geometry for a lifting airfoil. A more satisfactory location of the
stagnation point is given in the corrected solution. The selection of

the stagnation point is most critical to later calculations.

The first major iteration process is given in the third step. 1In
the trial solution the initial condition parameter CYD, which depends on

assumed velocity profile shape ahead of the airfoil, did not yield velocity




gradients which were continuous through the sonic point. In the case of
CYD = 1.0, the flow accelerated too rapidly before the sonic point, and
in the case of CYD = 1.010, the flow decelerated before the sonic point.
CYD = 1.005 for the corrected solution, and the velocity gradients were
continuous through the sonic point. This step calculates the flow on the
initial portion on the upper surface. The fourth step calculates the

remainder of the flow.

In the fourth step, the only requirement for a satisfactory solution
is the selection of a shock location which allows the flow calculations
to proceed to the trailing edge. The shock location must be chosen so
that the flow behind it remains subcritical throughout to the trailing
edge. The exact shock location is determined by satisfying the downstream
flow condition as outlined in the fifth step. The two initial guesses
in the trial solution show cases of flow which become supercritical again
after the shock wave. The corrected solution indicates where a case flow

remains subcritical behind the shock location.

The third and fourth steps constitute the airfoil solution on the
upper surface. For the lower surface of the airfoil, a solution is
sought which allows flow integration to proceed to the trailing edge.
Once the airfoil solutions for the upper and lower surfaces have been

obtained, the downstream solution may be calculated.

The fifth step is concerned with flow calculations downstream from
the airfoil. 1In the trial solutions the pressures diverged from the
free~-stream pressures quite rapidly. Thus it was necessary to return to
the fourth step and select a new shock location which would yield down-
stream pressures bracketing the free-stream values. It can be seen in the
corrected solution that the final shock location was between 0.50 and 0.51;
the pressure was slightly greater that free-stream pressure for one value

and slightly less for the other.



The final step of the solution process is to check the calculated
pressure distributions on the upper and lower surfaces of the airfoil.
If the pressures at the trailing edge do not match on the upper and lower
surfaces, the Kutta condition is not met, and program control should be
transferred to the second step for the selection of a new stagnation
point. 1If the stagnation point is judiciously chosen, the pressure

distribution in the corrected solution should appear.

ILLUSTRATIVE EXAMPLES

A description of the order of operations of this computer program

is best presented by illustrating its application to a particular airfoil.

NACA 0015 Airfoil

The NACA 0015 airfoil at an angle of attack of 4 deg and a free-stream
Mach number of 0.729 are used here for purposes of illustration.
Experimental results have shown that at these flow conditions, the flow
is supercritical on the upper surface and subcritical on the lower

surface.

The five input flow parameters of greatest importance to the solution

process are:

DVOOI (dVo/ds)o, the estimated cross velocity gradient at
the stagnation point,

XS, the X-coordinate of the stagnation point,

CYDL, the initial condition parameter for the lower surface
flow,

CYDU, the initial condition parameter for the upper surface
flow, and

SL, the location of the shock foot for the upper surface flow.

Decision point 1 comes after subroutine STAGNA, the calculation of
stagnation streamline geometry and the cross velocity gradient at the

selected stagnation point. It is important to select a stagnation point

3. Graham, D. J. et al., "A Systematic Investigation of Pressure
Distribution at High Speeds over Five Representative NACA Low-Drag and
Conventional Airfoil Sections,'" NACA Report 832- (1945).




for which the streamline geometry appears most reasonable because this
solution is most critical to later calculations., The middle streamline
shown in Figure 4 was chosen, and the calculated cross velocity gradient
for this stagnation point was 4.343. Since this agreed well with the
estimated cross velocity gradient of 4.252, this is considered a valid
or permissible solution for the upstream flow. 1If this cross velocity
gradient were not correct, another iteration would be needed for the

upstream solution with a new estimate of the cross velocity gradient.

The cross velocity gradient DVOOI determines the perturbation of the
stagnation streamline due to the presence of the airfoil. A greater

perturbation is realized with increasing values of DVOOI.

After decision point 1, there are two possible paths for further
flow calculations. The path to the left corresponds to flow integration
on the lower surface. For this path, J=2tand subroutine LWRCRIT is computed.
The path to the right corresponds to flow on the upper surface. For this
path, J=1 and subroutine UPRCRIT is calculated. Decision points 2 and 3
determine whether subcritical or supercritical flow options are to be
taken on the upper or lower surface. A simple test was made for selecting
. the supercritical or subcritical options. This information is stored
in ICRIT(J). Thus ICRIT(1l) = 1 for supercritical flow on the upper surface
and ICRIT(2) = 2 for subcritical flow on the lower surface. Once a
decision on flow criticality has been made, flow integration may proceed

to the flow solutions on either the upper or lower surface.

From decision point 2, the next step in flow calculation is
subroutine LWRINIT, the initial solution on the lower surface. Depending
on decision point 1, there are two possible paths for further flow
integration., The path for ICRIT(2) = 1 is invalid since in its present
form, the program is not prepared to handle supercritical flow on the
lower surface. For ICRIT(2) = 2, flow integration is further computed
by subroutines SUBCRTl and SUBCRT2 which calculate subcritical flow.

The output of these three subroutines is shown in Figure 5. For a
permissible solution, the calculated Mach number along the airfoil surface
should return to a value fairly close to the free-stream Mach number of

0.729. Decision point 4 consists of determining an appropriate value for
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CYD. Inspection of Figure 5 shows that the value of CYD = 0.8194 is
appropriate. Here the Mach number increased to a maximum at midchord

and decreased to a value of 0.71 at the trailing edge.

An appreciation of the physical significance of the parémeter CYD
requires knowledge of the stagnation streamline geometry given in Figufe
6. The control volume is the one outlined by points b, d, and f. Points
f and d represent values which were computed in the upstream integration.
The mass flow into the control volume is normal to the line d-f. Since
there is no mass flow through the stagnation streamline or normal to the
airfoil, the mass flow out of the control volume is normal to line b-d.
Hence the mass flow out of the control volume is fixed and is equal to
the area under the curve in Figure 7. The ordinate pV is the mass flux
across the line b-d, and the abscissa n is along the line b-d normal to
the airfoil. Depending on the value of CYD, the product prb can take
on several values. Hence the velocity at the initial point on the airfoil

V., can be varied according to CYD. The initial velocity decreases as CYD

b
increases.

Once an appropriate solution has been found for the lower surface,
IG0(J) is set equal to 1 and control is transferred to decision point 5.
Both IGO(1l) and IGO(2) must equal 1 in order to proceed to DWNSTRM;
otherwise control is transferred to decision point 1 and the other path

is chosen for flow integration.

In the case discussed so far, the lower surface has already been
computed and the upper surface flow remains to be computed. Upper surface
flow has been assumed to be supercritical and control can be transferred
to subroutine UPRINIT. After initial conditions in subroutine UPRINIT
have been calculated, one of two paths can be chosen for upper svrface
flow integration, depending on the value of ICRIT(J). If ICRIT(l) = 2,
the flow is assumed to be subcritical and further flow integration proceeds
in the same manner as discussed previously. If ICRIT(l) = 1, the flow is
assumed to be supercritical and control is transferred to SPRCRTIL.
Subroutines UPRINIT and SPRCRT1 compute the initial flow solution on the
upper surface., The varying parameter for flow integration is CYDU.

Decision point 6 is concerned with determining a value for CYDU so that




the velocity gradients are continuous through the sonic point. The
graphed output of this iteration is shown in Figure 8. A value of
CYDU = 1.074974 determines continuity of the velocity gradient through

the sonic point and is a satisfactory solution for decision point 6.

Once the initial solution has been completed, calculation of the
flow integration is undertaken for the upper surface including the effects
of the shock foot. The appropriate value of CYDU has already been
determined in subroutine UPRINIT and the flow should return to near
free-stream values if the stagnation point and the shock location have

been chosen judiciously.

In some cases it may be desirable to modify the flow solution during
some intermediate step. The velocity distribution along y which is output
from one step may not be appropriate, and some adjustment of the y-
component velocity calculated near the airfoil surface may be made by

using a Lagrangian or a parabolic curve fit along the y coordinates,

Once again, decision point 5 is encountered and since both upper
and lower surfaces have been computed, control can be transferred to
subroutine DWNSTRM. Subroutine DWNSTRM is concerned with the calculation
of downstream flow conditions. If the value of SL (the shock location on
the upper surface of the airfoil) is correct, flow will return to near
free stream values. If this value is incorrect, subroutines SPRCRT2 and
DWNSTRM must be reiterated with varying values of SL. The results of
such an iteration process are shown in Figure 9. The downstream flows
based on two shock locations should bracket the free-stream value ten
chord lengths downstream from the body (P/Pm = 1 at x/c = 10). As shown

in Figure 9, the exact shock location lies between x/c = 0.57 and 0.58.

When the downstream flow conditions most nearly approximate free-
stream values for the upper surface, parameter CYDL can be varied for the
lower surface to find the value which most nearly approximates free-stream
flow conditions downstream of the airfoil. 1In this case, subroutines .

LWRINIT, SUBCRT1, SUBCRT2, and DWNSTRM are iterated to find a value for

10



CYDL which most nearly approximates free-stream conditions downstream

of the airfoil. The results of this iteration process are shown in

Figure 10. The downstream flow conditions most nearly approximate free-
stream values at CYDL = 0.8131, and this value of CYDL is chosen to compute

the lower surface flow conditions.

There is one remaining step in the solution process, namely, to
check the calculated pressure distributions and determine whether the
Kutta condition is met at the trailing edge. The upper and lower surface
pressure distributions are shown in Figure 11. Since the pressures
calculated at the trailing edge for upper and lower surfaces have less
than 3-percent error, the assumed stagnation point is correct. If thesé
pressures had not matched at decision point 9, a change would have been
required for the stagnation point and the solution process would proceed

again from decision point 2.

The upper surface pressure distribution depends greatly on the value
of B, the oblique shock angle of the shock foot. The shock location moves
forward with decreasing values for B. 1In this particular example, a change
of entropy was allowed through the shock wave and the angle of B was assumed

to be 70 deg.

Other Airfoils

The procedure for calculating the transonic flows over other airfoils
is basically the same as above except that a change has to be made in
subroutine ARFL. An analytic function does not exist for airfoils other
than NACA 4-digit series, and some method of airfoil representation must
be used. The method used for this program is the spline fit (see
Appendix A). The method requires a given set of data points and the first
derivatives at the beginning and end points of that set. The coordinates
of the airfoil should be very accurate for a smooth curve fit. It is
possible to find an airfoil shape with a smooth second derivative fit by

varying the beginning and end slopes of the airfoil.
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Figure 12 shows the fitted curve for a particular airfoil, and a
plot of the second derivatives for this curve. The smooth fit for the
second derivatives ensures that the airfoil curvature is pretty well

represented.

APPLICATION OF INTERACTIVE GRAPHICS

The subroutines previously described have been incorporated into
an interactive graphics program so that program execution can be
accomplished most efficiently. The interactive graphics program has
been written with the help of Graphic Pac, an NSRDC-developed software
package for use with graphics facilities.* The Graphic Pac features
include virtual memory data management for both graphic and nongraphic
data and a comprehensive collection of interactive facilities; program
control is modified during execution by the use of subroutine WAITE.
When a call is made to this subroutine, execution stops and the program
awaits input from an attention source. Attention sources are the light
buttons and text entities which appear on the screen, and these may be

signalled by the light pen.

When Graphic Pac is used, all subroutines have to be compiled into
a relocatable binary format by PRELOAD, an NSRDC-developed utility.**
Once the graphics program and the subroutines have been compiled by PRELOAD,
they are loaded into a new task format by TSKLOAD, another NSRDC-developed
utility program. It is the TSKLOAD format which is executed. When this
program is loaded by using IGSGO, it makes nominal demands on the CDC 6700
computer. The control cards needed to create the taskload file are shown

in Figure 13, and those required to make a graphics run are shown in

Figure 14.

*Reported informally in NSRDC Technical Note CMD 42-28 (Graphic Pac — A
Subroutine Package for Interactive Graphic Application Programming),

August 1973,

**peported informally in NSRDC Technical Note CMD 51-72 (PRELOAD — A
Binary Deck Library Loader for the CDC 6700 Computer), October 1972.
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The CDC 6700 central processor should be specified to compile and
load the program most efficiently. During loading, the program uses
approximately 400 CPU sec, has a field length of 110000 Octals, and
resides in central memory for about 1 hr. During execution, the program

has a field length of 20000 Octals.

The structure of an interactive graphics program is somewhat different
from a program used in batch processing. 1In order to have maximum control
over the program and to allow input changes when necessary, there are
many points in the program where program execution paﬁses and waits for
a signal from one of the attention sources. An attention source can be
a light register used to type in new input information or an asterisk
used to signal execution of a new batch of coding. The flow chart in
Figure 15 indicates the possible paths for program execution. The nodes

indicate possible input changes.

Each of the tasks in the program perform a well-defined function.
Half of them display information calculated by a MIR subroutine and the
other half maintain the screen displays. A brief description of each
task is given in Appendix D. The subroutines used by these tasks and

their functions are given in Appendix B.

According to Figure 15, there are many possible paths for the program
to follow. However, it is not necessary to use all these paths in the
solution process. 1In some cases, a decision box could have been used
instead of a node. In order to avoid a complex logic diagram, however,
the format of Figure 15 was chosen. This figure at least gives an
indication of the versatility of the interactive graphics program which
allows many possible paths instead of two or three from a particular

program control point.

BASIC FORMAT

Figure 16 gives the basic format for the graphic output of a step.
Most of the screen display is given to the plot of currently computed
output. Sometimes two plots may appear in this area of the screen.

If for any reason at all, it is impossible to perform the integration

13



at this step, a large X will cover the graph display; if only a partial
integration is possible, the message INTEGRATION INCOMPLETE will flash on
the screen. There are two columns of light registers in the lower right-
hand corner of the screen; the first gives information on flow conditions
at the currently computed step and the second contains the input variables.
The variables are light pen detectable, and the values in them can be
changed. A current value can be erased and replaced with a blank by
touching a light register with a light pen and depressing the handle of
the pen. A new value can then be inserted by typing it in on the key-
board and pressing the keyboard release button. When the COMPUTE button
at the bottom of the column is touched, the program will attempt to
execute the step with the current input. The asterisks surrounding the
airfoil in the lower left-hand corner signify the steps of the flow
solution; they are coded in Figure 16. The currently computed step is
identified by a flashing asterisk. The asterisks will appear only when
the program is ready to execute the program step which they represent.
Program control can be transferred to any other step by signalling the
appropriate asterisk with the light pen. The program can be terminated
at any time by using the light pen to signal the STOP button in the far

left-hand corner.

The input to the graphics program consists of 32 flow solution
parameters and a maximum of 40 airfoil data points and the first
derivatives at these data points. These airfoil data points and their
first derivatives have been chosen to ensure a smooth second derivative
curve fit in accordance with Appendix A, A description of the input
data is given in Appendix E. Many of the flow solution parameters assume

the values suggested in the appendix.

ILLUSTRATIVE EXAMPLE

Just as an illustrative example of flow past an NACA 0015 airfoil
was used to describe the MIR program subroutines, an illustrative example
of flow past an advanced transonic airfoil will describe the use of IGS.

The first display to appear on the screen is that shown in Figure 17.

14



The four light registers contain the free-stream flow conditions and

certain initial conditions:

ALPHA = Angle of attack

MACH NO. = Mach number

YI(UPR) = Location of outermost strip in upper surface
(given in chord length)

YI(LWR) = Location of outermost strip in lower surface

(given in chord length)

If these flow conditions are satisfactory, control may be transferred
to the first step in the flow solution by signalling the light button
PROCEED.

The first step in the solution is the calculation of the upstream
flow conditions. The necessary parameters for the upstream solution are
the number of strips used in integration and X00, the distance from
free-stream flow conditions to the stagnation point on the airfoil.

The parameter NN indicates the number of strips used for the bulk of
integration, and NA indicates the number of additional strips used in
the vicinity of the airfoil. For greater accuracy, it is recommended
that eight strips be used in the vicinity of the airfoil. Figure 18

indicates the screen display corresponding to this solution.

The flashing light ahead of the airfoil in the lower left-hand
corner of the screen display indicates that the upstream solution is
ready for execution. When the COMPUTE light button at the bottom of
the second column of light registers is signalled, this step will be
executed by using the input values currently in the light registers.

The computed values of YSO and DE will be displayed in the first column.
These values should be less than 0.1. The graphic output shows Y versus
M, the velocity profile at the final station of upstream integration,
and Mb versus X, the variation of Mach number along the stagnation
streamline. These two graphs are characteristic of an appropriate

solution.

If the computation of the upstream solution is complete, the program

may proceed to the stagnation solution. The necessary parameters used to
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iterate on this stagnation solution are XS, the X-coordinate of the
stagnation point, Y¥SO, the distance that the stagnation streamline is
perturbed by the airfoil, and DVOO(I), the cross velocity gradient used

in the upstream solution. The screen display is shown in Figure 19.

If DVOO(F), the cross velocity gradient calculated at the particular
stagnation point, does not agree with DVOO(I), then DVOO(I) must be
changed to the newly calculated value, and the upstream solution must
be recalculated. By signalling the light far to the left of the airfoil,
control is transferred back to the upstream solution which is computed by
using the new DVOO(I). When the streamline geometry seems reasonable and
the cross velocity gradients agree at the stagnation point, the program
may proceed to the step which determines flow criticality on either the
upper or lower surface. For example, consider the flow on the upper
surface. Control is transferred to this step by signalling the light

just above the leading edge of the airfoil.

The screen display shown in Figure 20 determines the type of flow
present on the upper surface. 1In this case the Mach number reaches a
value of 0.96 in a relatively short distance, and so it is safe to assume
that supercritical flow is present on the upper surface. By signalling
the SUPERSONIC light button, program control is transferred to the next

step which computes the initial conditions on the upper surface.

The screen display of Figure 20 also indicates the light button
LAGRANGIAN. When it is signalled, the normal velocity component at the
innermost strip at the initial step will be corrected using a Lagrangian
curve fit. The light button LAGRANGIAN will disappear and the light button
PARABOLIC will appear in the same area on the screen. Similarly, when the
latter is signalled, the normal velocity component at the innermost strip
at the initial step will be corrected using a parabolic curve fit. If
neither light button is signalled, the normal velocity component at the

innermost strip will not be modified during the flow integration.

The necessary parameters for calculation of the initial solution
are XA, the initial point of flow integration, and CYD, which determines

the initial velocity profile shape. The screen display of Figure 21
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illustrates the iterative process used to satisfy the flow conditions
in this step. After an initial point has been chosen, the parameter
CYDU is varied until the velocity gradient DUDX is continuous through

the sonic point.

The following additional information is included to help proceed to
a converged solution. The value of RBUB (prb in Figure 7) should be
less than 1.1 and CYDU should be increased until this requirement is met.
If CYDU is too large, the velocity gradients will become negative and the
flow will become subsonic, prohibiting further integration. 1If the
solution still does not converge, the number of strips NN should be
decreased by one. When an appropriate CYD value is chosen and integfation
is completed, a light above the airfoil will signal that the upper surface -
airfoil solution is now ready to be computed. Further refinements to the
initial solution can now be made or control can be transferred to the next

step by signalling the light above the airfoil,

The screen display of Figure 22 indicates the airfoil solution on the
upper surface. The location of the shock foot should be chosen so that
flow integration may proceed from the initial solution to the trailing edge
of the airfoil. If the shock location is chosen too close to the nose of
the airfoil, the flow will accelerate to supersonic again after the shock
wave, prohibiting further integration; if the shock location is chosen too
close to the trailing edge of the airfoil, the flow becomes over expanded
before the shock foot, prohibiting further integration. A careful choice
of shock foot will allow integration to proceed to the trailing edge.

If the solution on the upper surface is completed, control may be
transferred to the step which determines flow criticality on the lower
surface by signalling the light under the leading edge of the airfoil.
The screen display for this step is shown in Figure 23. Since the local
Mach number is below 0.6 for at least 5 percent of the airfoil surface,
it is safe to assume that subcritical flow exists on the lower surface
of the airfoil. The program now proceeds to the step which computes the

airfoil solution on the lower surface.
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The screen display of Figure 23 also shows the light button LAGRANGIAN.
Correction to the innermost strip y-component velocity can be made by

signalling this light button in the same manner as indicated for Figure 20.

The screen display for the airfoil solution is shown in Figure 24.
The parameters for this solution are the same as for the initial solution
on the upper surface. If the chosen value of CYDL is too small, the
message FLOWS NOT MATCHED will appear where UB = 0.699485 now appears
on the screen. When the value of CYDL is increased, the value of RBUB
will decrease and flow integration may proceed. A particular choice for
CYDL will allow integration to proceed to the trailing edge. Further
improvements can be made to the airfoil solution or control may be
transferred to the downstream solution. The upper surface and lower
surface can be computed in any order, but the downstream solution cannot

be computed until both upper and lower surfaces are computed.

The screen display of Figure 25 will appear when the light to the
right of the airfoil is signalled. A satisfactory solution for this
step would be one in which the graph of PO versus X has values fairly
close to one, meaning that the computed pressures are fairly close to
free-stream pressures downstream. Since control was transferred to this
step'from the lower surface, the downstream solution considers the flow
regime from the slip streamline to the outermost strip on the lower
surface. In order to find a solution which will yield free-stream flow
conditions in this regime, an iteration must be made on the lower surface
airfoil solution and the downstream solution by varying the value of CYDL.
Once a satisfactory solution has been found, control may be transferred
to the airfoil solution on the upper surface by signalling the light just
above the airfoil.

The screen display for the airfoil solution on the upper surface
is the same as previously shown in Figure 22. Since both upper and lower
surfaces have beeﬁ computed, control may be transferred to the downstream

solution by signalling the light to the right of the airfoil.

Since control was transferred to this step from the upper surface,

the downstream solution considers the flow regime from the slip streamline
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to the outermost strip on the upper surface. 1In order to find a solution
which yields free-stream flow conditions downstream, an iteration must

be made on the upper surface airfoil solution and the downstream solution
by varying the value of SL. When an appropriate solution has been found,
control may be transferred to the final program by signalling the light
which appears on the airfoil.

Figure 26 illustrates the screen display of the fi